Programmed death one homolog (PD-1H) is a cell surface molecule of the B7/CD28 immune modulatory gene family. Although PD-1H has been shown to function as a coinhibitory receptor on T cells to limit naive T-cell activation and proliferation, its role in the regulation of the T-cell response to allergens is unknown. We report here that genetic ablation or blockade of PD-1H drastically promotes pulmonary inflammation with massive accumulation of eosinophils in a mouse model of experimental asthma, indicating a suppressive function of PD-1H in allergic inflammation. The loss of PD-1H led to elevated production of both innate cytokines (IL-6, MCP-1 and TNFα) and Th2 cytokines (IL-5 and IL-13) in the lung, indicating a critical role of PD-1H in suppressing the production of airway inflammatory cytokines. In addition, the loss of PD-1H also impaired the expansion of systemic and pulmonary regulatory T cells during asthma induction. These findings support a critical role of intrinsic PD-1H in the regulation of inflammatory responses to allergens. Finally, we showed that treatment with a PD-1H agonistic monoclonal antibody reduced the severity of asthma, which was accompanied by suppressed lung inflammation. Our findings support PD-1H as a potential target and suggest a possible strategy for the treatment of allergic asthma in humans.
INTRODUCTION
PD-1H (also called Gi24, VISTA, DD1α or Dies1) is a cell surface molecule of the B7/CD28 immune modulatory gene family. 1 Alignment of the PD-1H Immunoglobulin V region with CD28 members shows the highest identity with the programmed death one (PD-1) protein. PD-1H is constitutively expressed on most hematopoietic cells, including both lymphoid cells (except B cells) and myeloid cells. 2 Several lines of evidence have supported the hypothesis that PD-1H functions as a coinhibitory receptor on T cells to limit naive T-cell activation, whereas PD-1H expressed on antigen-presenting cells interacts with an unknown receptor on T cells to suppress T-cell responses. 3, 4 A recent study has shown that the PD-1H/ PD-1H interaction between different cells (homophilic interaction) could promote macrophage-mediated clearance of dead cells and T-cell suppression. 5 PD-1H knockout (KO) mice were shown to develop more severe inflammation and autoimmune diseases in several mouse models, 6, 7 indicating a role of PD-1H in the suppression of T-cell immunity. By contrast, agonistic monoclonal antibodies (mAbs) to mouse PD-1H were shown to suppress T-cell-mediated acute hepatitis and prevent acute graft-versus-host disease (GVHD) in semi-and fully allogeneic murine models, leading to full chimerism following treatment. It appears that the effect of PD-1H on the suppression of the T-cell response could be divided into two stages with an early event in arresting allo-reactive donor T cells from activation and a later event in promoting donor Treg expansion.
Although PD-1H could suppress the CD4 + T-cell response to antigens, its role in Th2-like responses, especially under pathogenic conditions, is not yet known. Asthma is a common, chronic inflammatory disease of the airways, and CD4 + Th2 cells have been shown to have a critical role in disease induction, pathogenesis and progression. The hallmarks of Th2-type responses in asthma are eosinophilic airway inflammation with mucus secretion, airway remodeling, and hyperreactivity. 8, 9 IL-5 and IL-13 are critical for the pathophysiology of asthma. IL-5 has multifaceted roles, including the direct activation of eosinophils, influencing adhesion and inducing chemotaxis and inflammatory mediator synthesis. IL-13 has a major impact on influencing bronchial hyper-reactivity, inflammation, and airway remodeling. 10 Moreover, IL-13 drives epithelial cell maturation and mucus production, the synthesis of extracellular matrix proteins and enhances contractility of airway smooth muscle cells. The mechanisms of the regulation of cytokine production during asthma pathogenesis, however, are yet to be elucidated. Recent therapeutic efforts have focused on blockade of the interaction of these cytokines to their receptors as an approach for asthma treatment.
In this study, we evaluate the role of PD-1H in chicken ovalbumin (OVA)-induced allergic airway inflammation by employing PD-1H KO mice and soluble PD-1H fusion protein.
Our findings show that PD-1H is a critical regulator of Th2 T-cell responses. Furthermore, our studies support the development of agonists of PD-1H as potential therapeutic agents for the treatment of human asthma.
MATERIALS AND METHODS

Mice
All experiments were carried out in accordance with the guidelines of Sun Yat-sen University on animal care and the ethical guidelines for the investigation of experimental animals. BALB/c mice were purchased from the Experimental Animal Centre of Sun Yat-sen University (Guangzhou, China). PD-1H KO mice were described previously and were backcrossed with BALB/c mice to generate the H-2 d /PD-1H KO strain. Eight-to ten-week-old mice were used for all experiments and were kept under specific pathogen-free conditions.
Generation of PD-1H mAb
Full-length mouse PD-1H-pcDNA3.1 was stably transfected into Chinese hamster ovary cells (CHO cells) by lipofection, and the stably transfected PD-1H + CHO cells were confirmed by flow cytometry using a mam82 mAb. The PD-1H-Ig fusion protein was produced and purified as described previously. 11 PD-1H KO mice were immunized with mouse PD-1H-Ig, and the generation of hybridomas secreting PD-1H mAb was performed as described previously. 12 The specificity of the mAb was validated by ELISA and flow cytometry using PD-1H + CHO cells. A clone of PD-1H mAb, 4C11, was selected for further experiments, and was produced and purified as previously described.
Mouse model of experimental asthma
Mice were sensitized by intraperitoneal (i.p.) injection of 10 μg OVA (Sigma-Aldrich, St Louis, MO, USA) with 4 mg aluminum hydroxide (Thermo Fisher, Waltham, MA, USA) gel on days 0 and 5, followed by challenge with 15 or 25 ml of 1% aerosolized OVA for 20 or 40 min on days 12, 13 and 14. The aerosol was generated by a nebulizer (NE-U07; Yuyue, Suzhou, China). Mice were killed for analyses on day 15. For PD-1H-Ig treatment, groups of mice received hydrodynamic injections 13 of 20 μg PD-1H plasmid in 2 ml PBS intravenously (i.v.) on days − 1, 4 and 11, and the Flag plasmid was the control. The levels of PD-1HIg fusion protein in the sera were detected by a specific sandwich ELISA method (Supplementary Figure 1) . For mAb treatment, groups of mice received i.p. injections of 200 μg anti-mouse PD-1H mAb (4C11) on days 0, 3, 6, 9 and 12, or control mouse immunoglobulin G (mIgG) (Rockland, Gilbertsville, PA, USA).
Assays of bronchoalveolar lavage fluid and sera Mice were anesthetized with a lethal dose of pentobarbital, and the lungs were gently lavaged with 0.5 ml PBS three times (1.5 ml of total bronchoalveolar lavage fluid (BALF)) via a tracheal cannula. Samples were centrifuged at 2000 r.p.m. for 5 min. Mouse IL-4, IL-5 and IL-13 in BALF were quantified using ELISA kits (eBioscience, San Diego, CA, USA) according to the manufacturer's protocols, and MCP-1, IL-6, TNFα and IFN-γ were measured using the CBA kit (BD Bioscience, San Jose, CA, USA). The total counts of cells in BALF were determined using a microscope. To identify BALF differential cell counts, BALF cells were spun onto microscope slides by CytoFuge and were stained with Diff-Quick (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Differential cell counts were performed by counting 400 cells per slide using a high-magnification microscope. Sera from experimental mice was collected, and OVA-specific IgE was examined by specific sandwich ELISA.
Histology
After the bronchial lavage procedure, lungs were exsanguinated and fixed by intratracheal instillation with 1 ml 10% formalin and subsequently removed from mice. After successive dehydration, the lungs were embedded in paraffin and sectioned and subsequently stained with H&E and periodic acidSchiff (PAS).
Flow cytometric analysis Cells (0.5-1 × 10 6 ) were first incubated with unlabeled anti-FcR mAb to block nonspecific binding of mAbs to FcR and then were incubated with labeled mAbs. The mAbs against H-2K d , H-2K b , mIgG, CD3, CD4, CD8, Siglec-F, IL-4, IFN-γ and Foxp3 were purchased from eBioscience. For intracellular Foxp3 staining, lymphocytes from lungs and spleens were isolated as described previously, 14 and the cells were subsequently fixed, permeabilized and stained following the manufacturer's protocol of the Cytofix/Cytoperm Plus kit (BD Biosciences). For intracellular IL-4 and IFN-γ staining, isolated lymphocytes were stimulated by 10 ng/ml PMA (SigmaAldrich), 1 μg/ml ionomycin (Sigma-Aldrich) and Golgi plug (BD Biosciences) for 4 h and then were stained using the Cytofix/Cytoperm Plus kit (BD Biosciences).
Statistical analysis
Data were analyzed using GraphPad Prism 6 (GraphPad Software, La Jolla, CA, USA). Unpaired student's t-test was used to determine the statistical significance between groups, with P < 0.05 being considered significant.
RESULTS
PD-1H is required to suppress airway inflammation in an experimental asthma model
Wild-type (WT) and PD-1H KO mice were immunized and challenged by OVA to induce asthma (Figure 1a ). Mice were killed at day 15, and differential cell counts were performed in collected BALF. The challenge by the OVA induced pulmonary infiltration of inflammatory cells in WT mice and inflammatory cells was dominated by eosinophils as well as with increased lymphocytes and macrophages. This prominent eosinophilic response is highly characteristic of allergic asthma in this model. Interestingly, PD-1H KO mice had significantly higher total numbers of inflammatory cells in BALF than WT mice, with significant increase in eosinophils. Infiltrating lymphocytes were found in small numbers, and macrophages were negligible (Figures 1b and c) . These findings indicate that PD-1H is required to inhibit the recruitment of inflammatory cells to the lung in this model.
We next compared the lung histology of OVA-challenged WT and KO mice. Compared with WT mice, OVA-challenged KO mice showed substantially more inflammatory cell infiltration mainly around bronchi (Figure 1d ). At the same time, OVA-challenged KO mice showed significantly larger and more PAS + mucin-producing goblet cells lining the bronchial air spaces (Figure 1e ), accompanied by profound goblet cell hyperplasia and metaplasia, indicating primarily bronchial involvement and extensive airway remodeling during inflammation. These results demonstrate substantially more severe 
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H Liu et al histopathologic changes characteristic of inflammatory asthma in OVA-challenged lungs in KO than in WT mice. Taken together, our results indicate that endogenous PD-1H suppresses the development of severe inflammatory cell infiltration and airway remodeling following OVA challenge. To validate our findings, we also tested the effect of PD-1HIg, a fusion protein of the extracellular domain of PD-1H and the IgG2a Fc portion. In our preliminary experiments, we found that high pressure injection of the PD-1HIg plasmid (hydrodynamic injection) led to high-level expression of the PD-1HIg fusion protein (Supplementary Figure S1) as detected in mouse sera and that this method had a more profound effect than the infusion of purified recombinant PD-1HIg fusion protein (Liu et al., unpublished data). At the beginning of the OVA-induced asthma model, the mice were injected i.v. with PD-1H-Ig or Flag-Ig control plasmid via the tail vein under high pressure on days − 1, 4 and 11. The mice were killed at day 15, and the BALF was collected. Similar to PD-1H KO mice, PD-1H-Ig-treated mice showed significantly increased eosinophil counts compared to mice treated with the Flag-Ig plasmid control (Figures 2a and b) , indicating that PD-1H-Ig may block PD-1H's interaction with its counterreceptor to promote airway inflammation in OVA-induced asthma. Thus, our results further support a suppressive role of endogenous PD-1H in the development of lung inflammation during the induction of experimental asthma.
Mechanisms of PD-1H-mediated suppression of airway inflammation
We first determined the levels of cytokines in the BALF in OVA-challenged WT and PD-1H KO mice. The KO mice challenged with OVA had significantly higher levels of IL-5, IL-13, IL-6, MCP-1 and TNFα in the BALF than WT mice, whereas the changes in IL-4 and IFN-γ were insignificant (Figure 3a) . The OVA-specific IgE in sera was measured as well, but no difference was observed (Figure 3b) . These results are consistent with the cell counts and histopathological findings, showing increased lung inflammation biased to eosinophil recruitment in the KO mice. Similar results were also obtained in the WT mice treated by hydrodynamic inoculation of the PD-1H-Ig plasmid, with significantly higher levels of IL-5 and IL-13 than those in the mice treated with the control plasmid (Figure 3c) . Interestingly, treatment with PD-1H-Ig led to significantly increased IL-4 in BALF (Figure 3d ). Our results indicate that endogenous PD-1H inhibits the production of innate (MCP-1, TNFα, IL-6) and Th2-like cytokines (IL-5, IL-13) during the induction of airway inflammation.
We also determined CD4 + T-helper-cell types in lung lymphocytes after brief PMA/ionomycin stimulation in vitro by intracellular staining of cytokines. 15 CD4 + IL-4 + Th2-type cells were significantly higher in KO than in WT mice in the lung during the asthma induction. By contrast, the Th1-type cells (CD4 + IFN-γ + ) were significantly fewer in KO than in WT mice (Figure 3e ). Similar results were also observed in WT mice treated with PD-1H-Ig versus control Ig plasmids (Figure 3f ). These results of intracellular cytokine detection further validate previous findings of extracellular cytokine measurement in the BALF and support the role of endogenous PD-1H in the suppression of CD4 + Th2-like responses in the experimental asthma model.
We showed previously that PD-1H promoted Treg expansion in the induction of GVHD in several mouse models. We next evaluated whether there was impaired generation of Tregs during the induction of the airway inflammatory response in the absence of PD-1H. CD4 + Foxp3 + Tregs in the lungs and spleens were evaluated by flow cytometry after last OVA challenge of WT and KO mice. The percentage of Tregs was significantly lower in both the lungs (Figure 4a ) and spleens (Figure 4b ) of KO mice than in those of WT mice. Our results suggest a possible contribution of Tregs in the PD-1H-mediated suppression of airway inflammation. Therefore, PD-1H may operate via multiple mechanisms to suppress airway inflammation. Figure 2 PD-1H-Ig promotes airway inflammation in OVA-induced asthma. Allergic asthma was induced by OVA as described in Figure 1a . WT mice were i.v. injected with 20 μg PD-1H-Ig plasmid in 2 ml PBS through the tail vein on days − 1, 4 and 11. Flag-Ig plasmid was used as the control. BALF was collected after the last OVA challenge and stained (a) for leukocyte counts (b). The scale bar in a represents 100 μm. *Po0.05 and ***Po0.001 (two-tailed student's t-test). All values are expressed as means ± s.e.m. N = 8 per group. All experiments were repeated at least three times. BALF, bronchoalveolar lavage fluid; i.v., intravenously; OVA, ovalbumin; WT, wild-type.
Suppression of asthma by PD-1H H Liu et al
Amelioration of experimental asthma using a new agonistic PD-1H antibody In the context of the roles of PD-1H in the suppression of airway inflammation, we explored whether PD-1H could be targeted to suppress asthma in the experimental model. We reported several agonistic mAbs (clones MH5A, mam82) with suppressive function in GVHD in mouse models. In our preliminary studies, these mAbs, however, are less consistent in suppressing airway inflammation in the OVA-induced asthma model (Liu et al., data not shown). We generated additional mAbs through the immunization of PD-1H KO mice with PD-1H-Ig. One mAb, designated 4C11, was selected based on its specificity and high affinity for murine PD-1H. The mAb 4C11 reacted strongly with PD-1H + CHO cells in a similar manner to clone mam82 (Figure 5a ), and this binding could be blocked by the inclusion of PD-1H-Ig (data not shown). N = 8 per group) . *Po0.05, **Po0.01, ***Po0.001 and ****Po0.0001 (two-tailed student's t-test). All values are expressed as means ± s.e.m. All experiments were repeated at least three times. BALF, bronchoalveolar lavage fluid; KO, knockout; OVA, ovalbumin; WT, wild-type.
To test the effect of 4C11, mice were administered 4C11 or control mIgG on days 0, 3, 6, 9 and 12 during the induction of OVA-induced asthma. Mice treated with control IgG developed typical accumulation of eosinophils in BALF fluid (Figures 5b and c) . The histopathological examination showed massive inflammatory cell infiltration around the bronchi (Figure 5d ) and mucus overproduction into the bronchi (Figure 5e ). By contrast, the accumulation of eosinophils in BALF was greatly reduced in the 4C11-treated mice (Figures 5b and c) . Meanwhile, the infiltration of inflammatory cells around the bronchi (Figure 5d ) and overproduction of mucus ( Figure 5e ) were also decreased significantly. These results indicate that agonistic PD-1H mAb 4C11 can suppress airway inflammation and asthma development and imply that PD-1H could be a potential therapeutic target for asthma treatment.
DISCUSSION
Using a PD-1H-deficient mouse strain and recombinant PD-1H-Ig fusion protein, we showed that PD-1H deficiency or blocking PD-1H engagement with its ligand via soluble PD-1H led to vastly increased accumulation of infiltrating inflammation in the airways with eosinophils as the major cell component. PD-1H deficiency or blocking mice show elevated levels of Th2-type cytokines, including IL-5 and IL-13, and innate inflammatory cytokines MCP-1 and IL-6, as well as increased Th2-like CD4 + T cells and decreased Treg, supporting the possibility that PD-1H could function as a negative regulator in the control of airway inflammation in experimental asthma progression.
In the OVA-induced experimental asthma model, PD-1H appeared to mainly suppress IL-5 and IL-13 production, whereas IL-4 was less altered (Figure 3 ). These findings are consistent with the observation that most of the accumulated leukocytes in the airways are eosinophils but not lymphocytes. IL-5 was originally defined as a T-cell-derived cytokine and is now appreciated as a major cytokine that affects many eosinophil-related aspects, including maturation, differentiation, migration and survival. IL-13 can be produced by various immune and non-immune cells including T cells and eosinophils 16 and could induce airway eosinophilia, airway hyper-responsiveness, and mucus overproduction. 17 Although IL-4 appears to be less affected by the loss of PD-1H, the effect of IL-4 may be replaced by a high level of IL-13 because IL-13 and IL-4 share a common α chain receptor subunit as their receptors 18, 19 and have overlapping biological functions. 20 PD-1H is constitutively found on the surface of naive T lymphocytes, whereas its expression on eosinophils has not yet been reported. In our experiments, however, inflammatory eosinophils isolated from BALF do not express PD-1H (Liu et al., unpublished result). Because both IL-5 and IL-13 could be produced by T cells, it is thus possible that PD-1H on T cells may directly mediate the suppression of cytokine production. On the other hand, IL-13 could be produced by various hematopoietic cells, whereas PD-1H is also broadly expressed on most hematopoietic cells. It is thus tempting to speculate that PD-1H may have a broader suppressive function beyond T cells for IL-13 production from hematopoietic cells in addition to T cells and eosinophils.
Both naturally occurring thymus-derived CD4 + CD25 + Foxp3 + Tregs and an inducible population of Tregs suppress the development of allergies, including allergic asthma, through multiple mechanisms 21, 22 and the inhibition of other effector Th1, Th2 and Th17 cells, eosinophils, basophils, mast cells, inflammatory DCs and inflammatory cell migration to tissues. 23 We showed previously that the agonistic mAb MH5A for mouse PD-1H selectively promotes Treg cell expansion in murine GVHD models. Our results showed insignificant differences in the percentage of CD4 + and CD8 + T cells between WT and KO mice in both the lungs and spleens during experimental asthma induction (Supplementary Figure 2) . However, PD-1H deficiency led to a markedly reduced percentage of CD4 + Foxp3 + Tregs in the lungs compared with WT mice, and the proportion of Tregs in the spleens was reduced as well during airway inflammation (Figure 4 ). These findings may partially explain the more severe asthma pathogenesis in PD-1H KO mice.
We reported previously that administration of several PD-1H agonistic mAbs could suppress acute hepatitis and GVHD in animal models. Using a newly generated mAb 4C11, the treatment could remarkably decrease the number of inflammatory cells in BALF, especially the eosinophils and lymphocytes, as well as pulmonary inflammation and mucus production ( Figure 5 ). Our results thus implicate the possibility of targeting PD-1H for the treatment of allergic diseases. In our early attempt to treat the experimental asthma model with MH5A and mam82 agonistic mAb, however, the effect was inconsistent among different experiments (Liu et al., unpublished observation). Currently, the reason behind the different effects of these PD-1H agonistic mAbs has yet to be investigated. It is possible that these mAbs may interact with PD-1H at different functional domains, subsequently triggering signals that are different in quantity or in quality, leading to different biological outcomes. Nevertheless, our results suggest a possible strategy for the treatment of allergic asthma using an agonistic mAb against PD-1H.
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